ABSTRACT We demonstrate experimentally, for the first time, a distributed digital predistortion model for radio-over-fiber (RoF) downlink suitable for broadband 5G signals. The model reduces the analog-todigital converter sampling frequency up to 1/3 of the required sampling in the example of the conventional memory polynomial DPD model, hence reducing demodulator costs and hardware complexity. This model also provides better intercarrier interference by reducing the adjacent channel leakage ratio (ACLR). This leads to reduced crosstalk, which impacts the multi-core and multimode RoF links. Long-term evolution advanced signals of a 256-quadratic-amplitude modulation of different bandwidths are used to validate the model. We achieved an average reduction of 2.5 dB in ACLR for signal bandwidths in the range 100-300 MHz while maintaining minimum error vector magnitude (EVM). The RoF downlink can deliver a peak bit rate of 2.016 Gb/s with a spectral efficiency of 6.72 b/Hz and EVM less than 4%.
I. INTRODUCTION
The radio-over-fiber (RoF) is the enabling technology for the upcoming 5G cellular networks. This is because of its ability to carry broadband signals and provide high-speed connections and low latency [1] . It also brings advantages such as saving hardware costs, smaller footprint, less power loss, sharing resources and centralization. In principle, RoF is the technology of modulating laser light, using radio frequency (RF) signals which then propagate into a low distortion and low loss fiber optics medium. Therefore, RoF is a preferred technology to reduced capital expenditure and operational expenditure compared to traditional electronic networks.
The Mach-Zehnder modulators (MZMs) work as an electro-optic (EO) modulator, generates undesired frequency components (nonlinearity) due to its nonlinear transfer function [2] . 5G signals such as LTE-A and filter bank multi-carrier (FBMC) have high peak-to-average power ratio (PAPR) which degrades the MZM linearity even further [3] . Digital predistortion (DPD) is a well-known digital technique that is used in both optical [2] - [4] , and electrical [5] - [8] transmitters to compensate for nonlinear distortion. It is obtained merely by adding a digital nonlinear block in baseband domain, which generates an inverse of the distortion of the nonlinear system.
One of the limitations of the DPD is the required observation bandwidth (BW) -the minimum BW needed at the input of analog to digital converter (ADC) in the feedback path to build the DPD -must be at least 5 times the input signal baseband BW [9] . This observation BW allows to capture the 5th order intermodulation products, hence building an approximately accurate model. To alleviate these requirements and reduce the hardware costs, Hammi et al. [10] proposed a distributed DPD (D-DPD) model for RF power amplifier (PA) to extend the limitation of the baseband BW. In order to test the efficacy of their technique, they varied the observation BW by changing the ADC sampling frequency f ADC s from 5 times to 2.05 times the input signal instantaneous BW. Then, they monitored the impact of the model on the spectra of the linearized signals accordingly. At low f ADC s , the D-DPD model showed a considerable improvement in the adjacent channel leakage or power ratio (ACLR or ACPR) when compared to the conventional memory polynomial DPD (MP-DPD) model.
The bandwidth of the new radio (NR) networks, based on carrier aggregation, is going to reach 400 MHz [1] in 2020. Therefore, to build DPD models by the traditional techniques, the sampling frequency of the ADCs must be at least 2000 MHz. Such high speed ADCs are expensive and difficult to find off-the-shelf due to their fabrication complexity. The multi-core fiber is one of the multi-input multioutput (MIMO) techniques implemented in RoF links [11] , [12] to increase the channel capacity and spectral efficiency. However, it is an essential requirement in multi-core and multimode fiber links [13] , [14] to maintain low ACLR in order to prevent inter carrier interference (ICI) and crosstalk distortion between channels. He et al. [12] and Mo et al. [15] crosstalk cancellation algorithms for specific modulation formats with relatively complicated processing steps. Another ACLR reduction technique in RoF links was proposed in [16] by designing two successive stages, one for crest factor reduction, and the other to perform the DPD. They demonstrated a 5 dB ACLR improvement and an achieved error vector magnitude (EVM) of 7.26% for a 20 MHz LTE signal.
In this paper, to alleviate the above limitations, we implemented for the first time the D-DPD modeling technique in RoF links suitable for 5G applications. The D-DPD model reduced the needed observation BW to 500 MHz for signals with 300 MHz baseband BW, corresponds to a reduction of 1/3 as compared to conventional MP-DPD. The model will lead to reducing the ICI in multi-core and multimode fibers and provides less processing complexity and hardware costs. The experiment is performed using 6 different wideband LTE-A signals transmitted over an externally modulated RoF downlink. Spectral efficiency of 6.72 b/Hz for the 256-QAM signal is achieved as compared to 5.04 b/Hz of the 64-QAM [17] .
II. THEORY AND PRINCIPLE OF OPERATION OF D-DPD IN RoF LINKS A. CONVENTIONAL DPD MODELING
In most RoF links that are based on external modulation, the main source of nonlinearity is from the MZM transfer function [18] , considering the other components in the link are set to operate in their linear regime.
The operation of the MP-DPD model shown in Fig.1 was explained in more details in [3] . In the first iteration, the predistorter blocks shown in Fig.1 are removed. The baseband discrete input signal x[n], where n is the sample index, is converted to continuous analog signal by the digital to analog converter (DAC) and up converted to the frequency f c at the up-conversion stage (UCS). Then it is transmitted through the RoF link. Due to the link nonlinearity, unwanted frequency components are generated around f c which is visualized as spectral regrowth. To generate the DPD model, the output analog signal y out_RoF is captured, frequency down-converted at the down conversion stage (DCS), and digitized to y[n] In the second iteration, the predistorter blocks are inserted to represent the predistortion stage in the system. The predistorted signal x [n] is then transmitted through the RoF system which works to cancel out the overall link nonlinearity. To improve the model quality, these steps are iterated until the error signal e[n] = x [n] −x [n] approaches zero [2] , [5] . The observation BW to build the model is controlled by the specifications of the equipment, namely the ADC sampling rate f ADC s . The higher the ADC sampling rate the wider the signal that can be linearized.
B. D-DPD MODELING
The structure of the D-DPD model is shown in the block diagram of Fig.2 . The output signal w [n] from the dynamic model (in this work a MP function is used [19] ) is given as:
where M is the memory depth, K is the nonlinear order, and h m,k are the coefficients of the model.
The wideband output predistorted signal z [n] from the static nonlinear predistorter shown in Fig.2 is given in [10] as:
where L is the nonlinear order and b l refers to the coefficients of the static DPD model. Fig.3 illustrates the advantages of using the D-DPD model in contrast to the conventional MP-DPD model. In Fig.3(a) a narrowband signal x[n] is transmitted through the RoF downlink and captured with observed spectral regrowth due to the MZM nonlinearity. A conventional 1-box DPD can adequately linearize this signal as long as the observation BW is at least five times the baseband BW of the signal, as shown in Fig.3(b) . However, when the DPD observation BW is less than five times of wider BW signals, as w[n] in Fig.3(c) , the MP-DPD model failed to suppress the spectral regrowth completely. This shortage in the observation BW led to ACLR degradation to the output wideband signal z [n] . The D-DPD, in the other hand, can completely linearize broader signals and effectively improve the ACLR as shown in the output spectrum of Fig.3(d) . The D-DPD model consists of two consecutive DPD stages: the static look-up table model, and the memory polynomial model [19] . Firstly, the static model is generated by transmitting and capturing a 10 MHz narrowband LTE-A signal through the same link.
C. CONVENTIONAL MP-DPD VERSUS D-DPD MODELING
Secondly, the dynamic model is then built by dealing with the previous generated static model as part of the overall nonlinear RoF system.
D. MODEL VALIDATION METRICS
To test and compare which model performs better in reducing the out-of-band spectrum, we calculated the ACLR of the output signals. The ACLR is given as the ratio of the filtered average power of a reference channel centered at a certain carrier frequency to the filtered average power of a channel centered at adjacent frequency [20] .
The EVM [20] is also used to quantify the amount of nonlinearity before and after applying the predistortion model The model performance can be measured by the normalized mean square error (NMSE) [19] that is given as:
where y meas [n], y mod [n] are the measured and modeled output signal, respectively.
III. EXPERIMENTAL RESULTS AND DISCUSSION
As shown in Fig. 4 , the experimental setup consists of a continuous wave (CW) distributed feed-back (DFB) laser lasing at a wavelength of λ o = c/f o = 1552.93 nm as shown in Fig.4(a) with a fixed optical power of 35 mW (c is the speed of light in vacuum). Then the MZM, which has a switching voltage of V π = 5 V from Optilab, modulates the laser light by different LTE-A signals as shown in Fig.4(b) mixed at an RF frequency of f c = 4 GHz using an Agilent-E8257D highperformance signal generator (PSG). The MZM is biased to its quadrature transmission point (half V π ) to reduce the nonlinearity.
Six different LTE-A signals bandwidths of 256-QAM-OFDM are generated offline by MATLAB LTE toolbox and sampled by an Agilent-81180A arbitrary wave generator. The optical signal is then amplified using an Optilab erbiumdoped fiber amplifier (EDFA) and propagated down through a standard single-mode telecommunication fiber of 12 km long to be directly detected by a 40 GHz photodetector (PD). The PD represents the optical-to-electrical conversion stage at the remote radio head (RRH) unit. In the end, the PD output signal is filtered at 4 GHz as shown in Fig.4(c) and analyzed by a Rohde & Schwarz FSW43 signal/spectrum analyzer (SSA). Similar to the method described in Section II, in the feedback path, the SSA is used to capture and down-convert the output signal to baseband y [n] . Then both the input and output signals x[n] and y[n] are aligned in magnitude, phase, and time offline in a computer workstation. The memory polynomial DPD model is then generated using a MATLAB code with proper order and depth.
To investigate the performance of the D-DPD model as compared to MP-DPD, a fixed sampling frequency of 500 MHz is fixed at the receiver side and six different LTE-A signals are tested independently.
As shown in Table 1 , the D-DPD model improved the ACLR by an average reduction of 2.5 dB for the range of BWs from 100 MHz to 300 MHz compared to the MP-DPD.
This improvement in the ACLR values is achieved while maintaining almost the same EVM for both, the conventional MP-DPD and the D-DPD, as shown from the performance between the two different models when the signal BW is 100 MHz or below, as shown in Fig. 6 . The reason, as explained in Section II, is because the observation BW is large enough to construct an accurate model. the spectra shown in Figs 7-11 . The D-DPD model effectively suppressed the undesired spectral regrowth and improved the overall ACLR. The achieved results are important in the multi-core and multimode fiber links where minimum leakage to the adjacent channels is needed [12] .
IV. CONCLUSION
In this paper we demonstrated an effective method of reducing the ACLR for carrier aggregated LTE-A signals propagated in a single mode radio-over-fiver (RoF) downlink. The results showed useful application of the model in reducing the ICI in muti-core fiber suitable for 5G systems. The technique is performed by using a dynamic (MP-DPD) model stage for broadband signal linearization followed by a static look-up table DPD model. A reduction of the required ADC sampling frequency to 1/3 the required sampling of the conventional DPD model. An average reduction of 2.5 dB in ACLR for six LTE-A signals with baseband BWs of up to 300 MHz was achieved. By applying the model we reached to a maximum bit rate of 2.016 Gbps and a spectral efficiency of 6.72 b/Hz with an EVM less than 4 %.
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